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Outline  

ÅImportance of grain boundary (gb) diffusion 

ÅMotivation 

ÅHarrisonõs classification scheme 
ïRegime A 

ïRegime B  

ïRegime C 

ÅB-kinetics: Experimental conditions for Mg self-diffusion 
ïNotable obstacles and gb diffusion modeling to optimize experimental 

conditions 

ÅGB diffusion modeling using Mathcad (ver 15) 
ïWhipple solution (infinite source) 

ïSuzuoka solution (finite/thin film source) 

ïAveraged Suzuoka solution (measured with SIMS)  

ïComputing SIMS intensity in tail region under various experimental conditions 

ÅConclusions:  SIMS potential for gb diffusion studies 
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Motivation  

ÅMg grain boundary (GB) diffusion data 
not available 

ÅImportance: 
ïFine grained Mg for higher strength 
ÅGB diffusion effects enhanced with smaller 

grains 

ïPreferential nucleation of precipitates at 
GBs 

ïGB diffusion controls grain growth and 
creep processes 

ïImpurity diffusion along GBs (e.g., Dy in 
NEO magnets)* 

ïElectromigration in microelectronic 
devices 

ÅLƴǘŜƎǊŀƭ ǇŀǊǘ ƻŦ άŘƛŦŦǳǎƛƻƴ ƎŜƴƻƳŜέ 
required for MGI efforts 

MGI vision: Fundamental 

databases and tools  will 

enable reduction of the 

10-20 year materials 

creation and deployment 

cycle by 50% or more. 
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Mg Self -Diffusion Data (Previous 

Work)  

Á SIMS + 

radiotracer data 

for large 

temperature 

range 

ÁBoth radiotracer 

with single 

crystals and 

SIMS with 

large-grained 

textured 

polycrystal 

show anisotropy 

in self-

diffusivities  

300oC 

400oC 

350oC 

627oC 

551oC 

468oC 

First principles 

(LDA) Ganeshan et al. 

üNo grain boundary diffusion data in Mg 
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Effective Diffusion in a 

Polycrystalline Microstructure  

Tracer Diffusion Coefficients 
(Bulk, Surface & Grain Boundary) 

Effective Diffusion 

Coefficients 

(Phase field, Monte 

Carlo; Analytical: Hart, 

series, Maxwell) Microstructure 
+ = 

Diffusion direction  

grain 

gb 
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Grain Boundary Diffusion  

ÅBulk diffusion dominates at 
high temperature 

ÅGrain boundary effects 
dominate at low temperature 

ÅThin films: 

ïBetter control of the necessary 
grain sizes due to dimensional 
constraints 

ïBamboo microstructure with 
controllable ƎōΩǎ (tilt)  

ïShort diffusion distances (low T) 

ïEase of sample preparation and 
SIMS analysis 

Grain Boundary 

Effects (Deff) 

Single Crystal 

(D) 

[Hoffman and Turnbull (1951), J. Appl. Phys., vol. 22] 

Self diffusion in Ag 
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Grain Boundary Diffusion Regimes  

A B C 

Illustration of polycrystalline diffusion regimes according to IŀǊǊƛǎƻƴΩǎ 
classification scheme (parallel slab model) [Trans Far Soc 1961]. D is the volume 
diffusion coefficient, Dgb is the grain boundary diffusion coefficient, d is the grain 
size, ɻ  is the grain boundary width, and t is the diffusion time. [De Souza et al. 

2009, MRS Bulletin].  

üMore analysis of diffusion regimes by Belova & Murch (Phil Mag 09), Divinski et al. (Z. 
MetallK 02), book by Kaur, Mishin & Gust (Wiley, 3rd ed.) 
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A-Kinetics in Thin Films  

ÅConflicting limiting conditions for A-
kinetics and thin films 

1. ╓◄ >> d 

ÅSufficient lateral diffusion from GB 

2. 6 ╓▄██◄ Җ t film 

ÅDiffusion cannot extend beyond film 
thickness 

ÅGrain size related to film thickness when 
grain growth saturates in thin film due to 
dimensional constraints (C.V. Thomson, 
Annu. Rev. Mat. Sci. 2000):  Ř Ғ нϊǘfilm 

ÅEither grains or diffusion distance will be 
too large, cannot satisfy both conditions! 

film 

Deff = -  (Gaussian) 

 
Deff 

Hart = fDgb + (1-f)D 
 

 * f = volume fraction of grain boundaries 
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B-Kinetics in Thin Films  

ÅRealistic diffusion anneal times and temperatures 

ï Relatively easy to satisfy ɻ << ╓◄ << d with thin film restrictions 

ÅDual analysis ς extract both D and sɻDgb (s = impurity segregation 
factor, ɻ  =grain boundary width) from separate regions 

A: D = - 
◄
(
⸗■▪╒

⸗●
) 

 
B:       sɻ Dgb =                                                 

0.66
╓

◄

■▪╒

●Ⱦ
Ⱦ  

B 

A 

A 

B 

[Gupta (1977), Met. Trans. A, vol. 8A] 
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C-Kinetics in Thin Films  

ÅVolume diffusion negligible, diffusant 
confined to grain boundary 

 

ÅCan extract Dgb directly, not convoluted 
as sɻ Dgb in regime B 

 

ÅVery low volume fraction of GB 

ïDifficult to detect such low concentrations 
with SIMS 

 

ÅRequires extremely low diffusion times 
and temperatures 

Dgb = - 
◄
(
⸗■▪╒

⸗●
) 
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Objective  

ÅDevelop a method to determine the grain boundary 
diffusion coefficient (Dgb) in thin films, and use it to find the 
self-Dgb in Mg and/or Al impurity Dgb for incorporation into 
the Mg- Integrated Computational Materials Engineering 
(ICME) project 

Approach/Strategy  

ÅDetermine suitable diffusion conditions and thin film 
morphologies consistent with Harrison B-kinetics  

ÅMeasure tracer diffusion coefficients in Mg thin films using 
secondary ion mass spectrometry (SIMS)  X 

ÅCorrelate diffusion coefficients with grain boundary 
orientations determined by EBSD X 
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B-kinetics Limiting Conditions  

1) ɻ  << ╓◄<< d  

Á
▀

╓◄
 = ɽ җ мл 

ÅEnsure appreciable diffusion out 
of grain boundary into grains 

Á
╓◄

= h  Җ лΦм 

ÅAvoids overlap of diffusion 
profiles from opposite boundaries 
into a single grain 

*Ů å 0.5 nm in fcc materials 
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Thin Film Geometry Requirement  

 

 

2) ╓◄  Ғ  

 

 

 

ÅBulk diffusion negligible at x= 4 ╓◄ 

ÅSet 4 ╓◄ equal to ¼ t film so that both (bulk 
and GB tail) regions are measureable 

tfilm 
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Thin -film Approximation 

Requirement  

3) ╓◄ >> t tracer (thickness of tracer layer on film) 

Let  
╓◄

ÔÔÒÁÃÅÒ
 = ˂  җ р 

 

ÅNeeds to be met in order to use the thin-film 
solution, which is more convenient 

 

ÅCan use thick-film solution (more complex) if 
this condition is not met 
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Limiting conditions  

(1) ɻ  << ╓◄<< d (2) ╓◄  Ғ  (3) ╓◄ >> t tracer 

ÅSet up an Excel spreadsheet: 

ïInput: temperature, diffusivity (D), film thickness (t film) 

ïOutputs: diffusion time (t), minimum grain size (d), tracer 
thickness (t tracer) 

ÅEasy to obtain conditions to satisfy all requirements: 

ïDiffusion temperature range: 175 - 250oC 

ïDiffusion time: >10 min (exact time depends on 
temperature) 

ïMg film thickness: 500 ς 2000 nm 

ïTracer film thickness: 10 nm 
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Proposed Experimental Design: Mg 

thin films  

ÅDeposit Mg films (0.2, 0.6, and 1.8 m˃ 
thick) on single crystal Si wafers 

ïHeated and non-heated substrates 

ÅAnneal at various conditions 

ïSpecific times and temperatures 

ÅCharacterize grain size and 
orientations with EBSD or FIB 

ÅGrain growth study to determine 
conditions for pre-annealing films 
that will be used for diffusion studies  

ïWant equilibrium with grain boundaries 
normal to surface, and   d å 2ātfilm 

[Thompson (1990), Annu. Rev. Mater. Sci., vol. 20] 

Thickness 
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Experimental Design: SIMS -based 

Thin Film Technique  

ÅDeposit thin 25Mg tracer or Al impurity  film (~10 nm) 

ÅDiffusion anneal (1500C < T < 3000C, time varies with T and tfilm) 

ÅMeasure depth profile of isotope ratio using SIMS 

ÅAnalyze concentration profile to extract D in near surface region and 
s Dɻgb or ɻ Dgb in tail region using appropriate solution fits 

ÅRepeat at multiple temperatures to obtain Arrhenius fits 

Cameca ims7f-Geo (Virginia Tech) 
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Dual Analysis from SIMS data 

(e.g. YTZ thin film)  

D = - 
◄
(
⸗■▪╒

⸗●
)  

ÅBulk impurity diffusivity of Hf in YTZ in 
near surface region 

ï C = Relative Intensity (178Hf/91Zr) 

 

sɻ Dgb = 0.66
╓

◄

■▪╒

●Ⱦ
Ⱦ  

ÅTriple product in tail region 

ïLeast-squares non-linear fit or other 
algorithm also possible to fit data 

[Swaroop, et al. (2005), Acta Mat., vol. 53]  
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Notable Obstacles with SIMS for GB 

impurity diffusivity measurements  

ÅSIMS result in B regime gives only sɻDgb 

ïNeed to separate the three terms by other methods including 
radiotracer and/or Atom Probe 

Åhƴƭȅ ƎƛǾŜǎ άŀǾŜǊŀƎŜέ Dgb over many grain boundaries 

ïMore beneficial for MGI if specific data can be obtained for many 
different grain boundary types (i.e. tilt, twist boundaries, specific 
misorientation angles, etc.) 

ÅGrain growth is related to grain boundary diffusion 

ïGrain growth will occur during diffusion anneal if films are not pre-
ŀƴƴŜŀƭŜŘ ǘƻ ŀŎƘƛŜǾŜ ŜǉǳƛƭƛōǊƛǳƳ ƎǊŀƛƴ ǎƛȊŜ όŘ Ғ нϊǘfilm) 

Å25Mg is naturally occurring in pure Mg (~10%) 

ïSIMS needs to detect concentration above background, resolution might 
not be good enough deep in grain boundary tail region 
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Overcoming SIMS obstacles  

ÅAtom Probe Tomography to obtain atomic-resolution, 3D 
map of single grain boundary after diffusion anneal 

ï Option for C-kinetics regime (can extract Dgb alone) 

ï Grain boundary orientation-specific data 

ï Deconvolute sɻ Dgb into constituents if B-kinetics 

ï Also carry out grain boundary self-diffusivity measurements in B 
and C to obtain ɻ 

ÅNanoSIMS to get concentration profile at a single grain 
boundary 

ï Used in conjunction with EBSD (electron backscatter diffraction) 
to associate the Dgb found to a single type and orientation of 
grain boundary 

ï Also could be used to deconvolute sɻ Dgb into constituents 

ÅDiffuse 25Mg into pure 24Mg films (~99%) to avoid problem 
of 25Mg background signal in pure Mg 

ï Currently cost-prohibitive to use thick films of 24Mg with high 
enrichment (~99%) because of technique used (calutrons) for 
isotopic enrichment 

ï Development of new centrifugation techniques for Mg would 
have a major impact on cost of Mg isotopes  

Location of NanoSIMS crater 

or Atom Probe Sample 

(Directly on Grain Boundary) 

Side View of Hypothetical 

 Atom Probe Map 
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GB diffusion modeling  

exercise in Mathcad  

ÅSingle grain boundary 

ïFisher/Whipple (constant/infinite  source) 

ïSuzuoka (finite/thin film source) 

 

ÅMultiple grain boundaries 

ïAveraged Suzuoka (finite source) 

ïAnalyze SIMS signal intensity in tail region 
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Fisherõs model of an isolated 

grain boundary  

Surface 0 

y 

Grain 1 

D 

Grain 2 

D 
G

ra
in

 B
o

u
n
d

a
ry

, D
b
 

x 

ŭ 

Constant source  

c(x, 0, t) = c0 = const. 

Coupled Equations for 

volume and gb diffusion 



23 

ÅBamboo microstructure in thin film coincides very well with some of the more 
common mathematical solutions to the gb diffusion equations.  

ï These solutions are all functions both volume and grain boundary diffusivities (D and Dgb, 
respectively), which are dependent on diffusion temperature.  

ï Because the grain boundary diffusivity is unknown, it was estimated based on an empirical 
relation derived for the general situation of grain boundary self-diffusion in hcp metals 

ï Volume diffusion is calculated by an Arrhenius relation using parameters determined from 
previous 25Mg self-diffusion experiments. 

ÅThe various solutions are also functions of several dimensionless variables, ῳ, –, ‚, 
and , which were originally defined by Whipple. 

 ῳ  –   ‚     

ï where ὥ is the grain boundary half-width (assumed to be 0.25 nm), and ὸ is the diffusion time in 
seconds. 

üWhipple solution is not relevant to the SIMS gb study ς only an exercise 

ü Single grain boundary cannot be probed, expensive to have infinite (thick) source isotope 

Whipple (exact) solution for Mg: 

constant source (Phil Mag 1954)  
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Whipple solution: Mg material 

constants  

D0 = 4.2 x 1013 nm2/s  Q0 = 127,000 J/K-mol 

ïFrom Arrhenius fit to Shewmon (high T) and ORNL 
SIMS (low T) data 

ïGeneral empirical relation derived from multiple hcp 
gb diffusion studies (Gust et al. J. Physiq. 1985) 

a = 0.25 nm (grain boundary half width)  

ἎἾἷἴἢ = Do exp 
Ἕἷ

Ȣ ἢ
 

ἎἯἪἢ = 3.1013 exp Ȣ
ἢἙ
ἢ
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Whipple solution for Mg (infinite source, 

constant surface concentration boundary 

condition ) 

Depiction of idealized grain boundary 
diffusion model with the diffusion flux in 
the down direction. Region (1) consists of 
direct volume diffusion and region (2) of 
lateral diffusion into the volume from the 
grain boundary 

Concentration contour plot, based on 
²ƘƛǇǇƭŜΩǎ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ƎǊŀƛƴ ōƻǳƴŘŀǊȅ 
is at x=0 and the orientation of the 
sample is identical to that in the left 
figure. Diffusion parameters: 10 minutes 
at 250oC 
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Suzuoka  solution: instantaneous, 

finite source (Phys  Soc  Jpn  1964)  

Concentration contour plots 
using {ǳȊǳƻƪŀΩǎ instantaneous 
source solution 
 
- Plot (a) shows the near-surface 

and transition regions from 0 
to 500 nm in diffusion depth, 
 

- Plot (b) shows the deeper grain 
boundary diffusion tail region 
from 200 to 1000 nm 

(a) 

(b) 
üSuzuoka solution is also not 

relevant to the SIMS gb study ς 
(single grain boundary cannot be 
probed)  
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Averaged Suzuoka  solution 

for SIMS  

Depiction of the geometric condition of multiple parallel grain boundaries 

Graph of ln(cavg(y)) vs. y6/5, based 
on the averaged Suzuoka solution 
for Mg. Y-range is 0-1000 nm, finite 
tracer thickness is 10 nm, grain size 
is 500 nm, and diffusion conditions 
are 10 minutes at 200, 225, 250, 
and 275oC 

üAverage Suzuoka solution is 
relevant to SIMS gb diffusion 
study (SIMS probe size ~10 
mm, grain size ~0.5 - 2 mm) 
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SIMS signal intensity in tail 

region of regime B  

ÅUsing averaged Suzuoka solution, we explored the effect of various 
experimental parameters (temperature, grain size, time) on signal intensity 
difference (over background) 

ÅUsing a conversion ratio based on previous self-diffusion experimental data, 
we converted the calculated concentration to anticipated SIMS counts. 

ÅBecause of the very slight differences in concentration, combined with the 
unavoidable Gaussian noise (the magnitude of which is roughly proportional 
to the square root of total counts), we determined that SIMS is feasible for 
this type of study for impurity or pseudo-impurity grain boundary diffusion 
experiments only, i.e. there cannot be any substantial background level of 
the tracer species. 

ï  This condition is easy to accomplish for the proposed Al into pure Mg experiments 

ï This condition will also be satisfied with diffusion of enriched 25Mg tracer into highly 
enriched 24Mg of the thin film (rather than natural Mg) , where the level of 25Mg has 
been reduced to negligible levels in the 24 Mg thin film. 
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SIMS counts in tail region  

h = 140nm 

ὼ 

Example: SIMS measured excess 25Mg tracer data 

SIMS counts in the tail region (250oC) are ~16,000 counts for a 
background concentration of  ~10% 25Mg in natural Mg 
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Difference in counts over 100 nm 

depth in tail (average Suzuoka ) 

ü Difference in counts (hundreds of counts) is comparable to background 
(Gaussian) signal noise if natural Mg thin film is used 

ü Hence need to use enriched Mg thin film, i.e., 99.9% of Mg24 (0.05% of Mg25) 
to reduce background signal counts (in tens) 

Ⱥcounts is taken as the slope at a depth of 1000 

nm to remain in the tail portion of the curve, at 

constant time of 10 minutes (600 sec). 

Temperature (
o
C)
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Ⱥcounts is taken at depth of 1000 nm, with 

diffusion conditions of 250oC for 10 min 
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Conclusions  

ÅExplored feasibility of SIMS for grain boundary diffusion 
studies in magnesium thin films. 

ïSuggested experimental conditions based on various 
ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƻ ǎŀǘƛǎŦȅ IŀǊǊƛǎƻƴΩǎ ǊŜƎƛƳŜ . ƪƛƴŜǘƛŎǎ 

ÅModeled various gb diffusion solutions for Mg using 
MathCad software. 

ïAveraged Suzuoka solution relevant for SIMS studies 

ÅIn order to have sufficient SIMS intensity over 
background Mg levels in the tail region of regime B, 
either one needs to conduct impurity gb studies (e.g., Al 
in Mg), or use isotopically pure Mg24 thin films into which 
the Mg25 tracer diffuses.  
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ORNL diffusion website  

Åhttp://www.ornl.gov/sci/diffusion 
(public version) 

http://www.ornl.gov/sci/diffusion

